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Summary
Objectives: In vitro mechanical injury of articular cartilage is useful to identify events associated with development of post-traumatic osteoar-
thritis (OA). To date, many in vitro injury models have used animal cartilage despite the greater clinical relevance of human cartilage. We
aimed to characterize a new in vitro injury model using elderly human femoral head cartilage and compare its behavior to that of an existing
model with adult bovine humeral head cartilage.
Design: Mechanical properties of human and bovine cartilage disks were characterized by elastic modulus and hydraulic permeability in ra-
dially conﬁned axial compression, and by Young’s modulus, Poisson’s ratio, and direction-dependent radial strain in unconﬁned compression.
Biochemical composition was assessed in terms of tissue water, solid, and glycosaminoglycan (GAG) contents. Responses to mechanical
injury were assessed by observation of macroscopic superﬁcial tissue cracks and histological measurements of cell viability following single
injurious ramp loads at 7 or 70%/s strain rate to 3 or 14 MPa peak stress.
Results: Conﬁned compression moduli and Young’s moduli were greater in elderly human femoral cartilage vs adult bovine humeral cartilage
whereas hydraulic permeability was less. Radial deformations of axially compressed explant disks were more anisotropic (direction-
dependent) for the human cartilage. In both cartilage sources, tissue cracking and associated cell death during injurious loading was common
for 14 MPa peak stress at both strain rates.
Conclusion: Despite differences in mechanical properties, acute damage induced by injurious loading was similar in both elderly human fem-
oral cartilage and adult bovine humeral cartilage, supporting the clinical relevance of animal-based cartilage injury models. However, inherent
structural differences such as cell density may inﬂuence subsequent cell-mediated responses to injurious loading and affect the development
of OA.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) can result from nonphysiological
mechanical loading, including cartilage trauma1,2. Although
OA may develop over years, in vivo models have suggested
that early events such as cell death following trauma
contribute strongly to the initiation and development of
degenerative joint disease3,4. In order to better understand
and identify cellular and molecular signals leading to long-
term cartilage degradation, several in vitro models for me-
chanical injury of articular cartilage have been developed,
mostly based on animal cartilage. Although in vitro models
of cartilage injury do not include the whole joint environ-
ment, they can nevertheless provide clinically relevant
information on processes within the cartilage itself that
lead to post-traumatic OA5. In vitro injurious loading of artic-
ular cartilage is associated with multiple reactions such as
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cell metabolism7, release of matrix macromolecules8 and
growth factors9, and cell death related to necrosis and
apoptosis10. Cell death in particular has major conse-
quences for cartilage since chondrocytes are responsible
for extracellular matrix maintenance but have a poor regen-
erative capacity11. Consequently, means have been inves-
tigated to prevent cell death and its related biological
cascades12e14.
Cartilage injury and subsequent cell death may be in-
duced by various compression protocols such as cyclic or
ramp loading, and depends on the duration, stress and
strain rate of loading15e17. Different modes of injury may
be induced by varying the relationship between the injurious
compression strain rate and the ‘‘gel diffusion rate’’ charac-
terizing the poroelastic mechanics of cartilage18. Therefore,
the mechanical properties of cartilage can play an important
role in determining whether applied loads are injurious or
not. Properties of cartilage and the cartilageebone complex
may vary with species, age and joint19e22. Therefore the
clinical relevance of in vitro models of cartilage mechanical
injury may be enhanced by comparing results obtained from
different sources, including adult human cartilage.9
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loading is of high clinical relevance, relatively few studies
have been conducted to explore this behavior23,24 and its
relationships to other in vitro models involving animal
cartilage. Our objectives were to establish an in vitro model
for cartilage mechanical injury using human cartilage har-
vested from femoral heads of patients undergoing hip re-
placement after femoral neck fracture. This cartilage
source may be obtained relatively reliably and in large
enough quantities to obtain high sample numbers for in vitro
studies. Mechanical properties of cartilage disks were char-
acterized by elastic modulus and hydraulic permeability in
radially conﬁned axial compression, and by Young’s modu-
lus, Poisson’s ratio, and direction-dependent radial strain in
unconﬁned compression. Biochemical composition was
assessed in terms of tissue water, solid, and glycosamino-
glycan (GAG) contents. Responses to mechanical injury
were assessed by observation of macroscopic superﬁcial
tissue cracks and histological measurements of cell viability
following single injurious ramp loads at 7 or 70%/s strain
rate to 3 or 14 MPa peak stress. Parallel experiments
were conducted on adult bovine humeral cartilage, for com-
parison to an existing in vitro injury model18.
Materials and methods
CARTILAGE SOURCES
Human cartilage was harvested from femoral heads of
patients undergoing hip replacement following femoral
neck fracture. Explants were obtained from the superior as-
pect of the human femoral head, well within the cartilage
borders (a total of 101 explants from 13 human joints;
mean age 81 years; range 65e90; four males and nine fe-
males). Joints displayed no sign of cartilage degeneration
and were obtained after approval of the local ethical
committee and informed consent of the patients. Bovine
cartilage was harvested from fresh bovine humeral heads
obtained from a local slaughterhouse. Explants were ob-
tained from the central, ﬂattest part of the bovine humeral
head (a total of 159 explants from 15 bovine joints; age
18 months). Osteochondral explants of 4 mm diameter
were obtained using a household power drill equipped
with a medical coring bit (Homedica, Hu¨nenberg, Switzer-
land) under saline irrigation (Phosphate buffered saline
(PBS), Invitrogen, Basel, Switzerland).
BIOMECHANICAL TESTING
Osteochondral plugs used for cartilage biomechanical
testing were stored frozen at 20(C in PBS with protease
inhibitors (Complete, Boehringer Mannheim, Ingelheim,
Germany) and 0.1 mg/mL sodium azide (SigmaeAldrich,
Fuchs, Switzerland) until experimental use up to 7 days fol-
lowing dissection. A total of 25 explants from four human
joints (mean age 80 years; range 65e87; one male and
three females) and 32 explants from ﬁve bovine joints
were used for measurement of elastic moduli, hydraulic
permeability, and Poisson’s ratio. The day of experiments
explants were thawed; full-thickness cartilage disks were
separated from the bone with a scalpel and trimmed to
3 mm diameter with a biopsy punch (WPI, Stevenage,
UK). Explant disks were ﬁrst subjected to radially conﬁned
axial compression25 in a Plexiglas conﬁning ring over a rigid
ceramic porous ﬁlter (Kerafol, Eschenbach, Germany; pore
size w2 mm) with loading applied by a stainless steel post
within a supporting chamber ﬁlled with PBS (Fig. 1). Theloading apparatus included a precision displacement actua-
tor (PM-500 C, Newport, Irvine, CA) in series with a load
cell (Model 31, Sensotec Schaffhausen, Switzerland) inter-
faced with virtual instrument software (LabView, National
Instruments, Austin, TX). The cartilage articular surface was
always placed on the porous ﬁlter. Explant disk free-swelling
thicknesses were measured using the displacement actuator
and load cell. Seven steps of 5% compression (from 0 to
35%, relative to free-swelling thickness) were applied. Us-
ing data for stress relaxation to equilibrium at each step,
which typically required w30 min, the conﬁned compres-
sion modulus (HA) and hydraulic permeability (k) were cal-
culated for 10, 20, and 30% compression by established
methods25. The intrinsic rate of cartilage poroelastic defor-
mation, or ‘‘gel diffusion rate’’

_3gdr

was also determined
by _3gdr ¼ HAk=d2 where d represents explant compressed
thickness. Poisson’s ratio (n) and Young’s modulus (E )
were then measured for the same explants using radially
unconﬁned axial compression to 10 and 20% of free-swell-
ing thickness26. Explants were mounted in a transparent
dish ﬁlled with PBS on an inverted microscope with a 5
objective (Axiovert 100, Carl Zeiss AG, Feldbach, Switzer-
land) and a CCD camera (XC-ST70 CE, Sony, Tokyo, Ja-
pan) with a 0.5 adapter (Zeiss) to image the articular
surface at mechanical equilibrium (Fig. 1). Imaging software
(Axiovision, Zeiss) was used to determine the coordinates
of six points around the disk circumference. Explant aver-
age radii were then determined from circles deﬁned by
two groups of three circumferential points.
Twelve samples from four human joints (mean age 84
years; range 82e90; two males and two females) and 21
samples from three bovine joints were used to evaluate
direction-dependent Poisson’s ratio. Before slicing full-
thickness cartilage from the bone, articular surfaces were
pricked with a circular pin dipped in India ink to deﬁne
the split-line pattern of collagen ﬁber orientation27. Radially
unconﬁned axial compression to 20 and 40% of free-swelling
thickness was applied to explant disks as described
above. Direction-dependent radial strain was evaluated
using images of the entire explant surface after each
mechanical equilibrium. Four images were assembled to
accommodate the circumscribed size. Image software
(NIH Image J, Bethesda, MD) was used to threshold
gray scale images to black and white for identiﬁcation of
explant radial edges. For each explant, disk images after
Image capture
Displacement Control
Load measurement
Displacement
Actuator
Load cell
Loading post
Support
chamber
Microscope
Objective
Fig. 1. Schematic drawing of apparatus for unconﬁned compres-
sion. A similar apparatus was used to apply conﬁned compression
and injurious compression.
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number of pixels contained in a thin rectangle drawn from
the center to the outside of each disk was then counted
(Fig. 2), with the orientation of the rectangle corresponding
to that of the split-line direction. The rectangle was then ro-
tated by 3( to provide 120 different radius measurements
from each disk imaged before and during compression.
Radial strain values under 20 and 40% compression
were then calculated around the disk circumference using
the image at 0% compression as reference. The 10 high-
est and lowest values for each disk were averaged and
used to calculate the maximum and minimum radial strain
values after 20 and 40% compression (3rmax and 3rmin) and
the maximum and minimum Poisson’s ratios (nmax and nmin).
Radial strain ratios (SR¼ 3rmax/3rmin) after 20 and 40%
compression were also determined as a measure of radial
strain anisotropy.
BIOCHEMICAL CHARACTERIZATION
After mechanical testing, cartilage disks were weighed,
lyophilized and weighed again to determine wet and dry
weights. Dried samples were digested overnight with
papain (SigmaeAldrich) and assayed for GAG content
with dimethyl methylene blue (DMMB, SigmaeAldrich,
Fuchs, Switzerland)28. Tissue water content was deter-
mined from the difference between wet and dry weights,
while non-GAG content was determined from the difference
between dry weight and GAG content.
INJURIOUS LOADING
Sixty-four samples from ﬁve human joints (mean age 80
years; range 76e85; one male and four females) and 106
samples from seven bovine joints were subjected to injuri-
ous loading. Immediately after dissection, full-thickness car-
tilage explants were separated from the subchondral bone,
trimmed to 3 mm diameter and incubated at 37(C and 5%
CO2 in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM)
(Oxoid AG, Basel, Switzerland) containing 1 g/L D-glucose,
3.7 g/L NaHCO3, 1 g/L N-acetyl-L-analyl-L-glutamine, and
supplemented with 0.1 mM nonessential amino acids
(Oxoid), 0.4 mM L-proline (SigmaeAldrich), 100 units/mL
penicillin G sodium and 100 mg/mL streptomycin sulfate (In-
vitrogen, Basel, Switzerland).
After 5 days of culture, explant disks were individually
mounted without radial conﬁnement between a stainless
steel loading post on the articular surface and a steel/Plex-
iglas support chamber containing 5 mL of culture medium
(Fig. 1). Medium was previously warmed to 37(C but
3°
Fig. 2. Method for image-based measurement of cartilage explant
disk radius vs direction. After conversion of gray scale images to
black and white, the number of pixels included in a thin rectangle
rotated every 3( over the disk area was counted.compression took place at room temperature and atmo-
spheric conditions. Explant disk free-swelling thicknesses
were measured using the displacement actuator and
load cell. Explants were then axially compressed at strain
rates of 7 102 or 7 101 s1 to peak stresses of 3 or
14 MPa. These ranges of strain rates and peak stresses
were previously found to be injurious for adult bovine osteo-
chondral explants18. In parallel, control explants were cul-
tured without loading. Uncompressed controls were
nevertheless placed in the compression chamber to mea-
sure their thickness, as for compressed explants. Immedi-
ately after loading, explants were examined with the
naked eye for macroscopically visible surface cracks and
returned to culture in the incubator. The day after loading,
explants were assessed for chondrocyte viability. A bisect-
ing vertical section ofw1 mm thick was cut with a scalpel to
assess chondrocyte viability. When cracks were observed,
the section was made perpendicular to the lesion. Sections
were incubated for 30 min (human) or 10 min (bovine) in
PBS containing 2 mM calcein AM and 4 mM ethidium homo-
dimer (LIVE/DEAD viability/cytotoxicity kit, Molecular
Probes, Eugene, OR), and then transferred to PBS to re-
move unincorporated ﬂuorophores. For imaging, cartilage
sections were placed on a glass slide within a drop of
PBS to avoid drying. Laser confocal microscopy images
(LSM 410, Carl Zeiss AG, Feldbach, Switzerland) using
495 nm excitation and separation of green (515 nm) and
red (635 nm) ﬂuorescence were used to visualize live and
dead cells, respectively. A 10 objective provided images
of size 1.28 1.28 mm; several images were combined to
obtain an overview of the entire explant section.
STATISTICAL ANALYSIS
Signiﬁcant differences (P< 0.05) in HA, k, E, n, and bio-
chemical composition between human and bovine carti-
lages were identiﬁed using unpaired T-tests. Differences
in nmax and nmin and strain ratios between human and bo-
vine cartilages or between 20 and 40% compression were
identiﬁed by two-way analysis of variance (ANOVA) with
post hoc Tukey tests. Effects of strain rate and peak stress
on the proportions of explants exhibiting surface cracks
after injurious loading were evaluated by two-way ANOVA.
Results are reported as meanSD in the text.
Results
BIOMECHANICAL TESTING
Conﬁned compression moduli for elderly human femoral
cartilage at 10, 20, and 30% compression were
2.22 0.65, 2.40 0.70, and 3.10 0.84 MPa, respec-
tively [Fig. 3(a)]. These values were greater than those of
adult bovine humeral cartilage (0.57 0.27, 0.72 0.33,
and 1.01 0.42 MPa, respectively). Hydraulic permeabil-
ities of human cartilage were 1.1 0.6, 0.57 0.34, and
0.25 0.13 1015 m2/Pa s for 10, 20 and 30% compres-
sion, respectively [Fig. 3(b)]. These values were lower
than those of bovine cartilage (2.3 1.2, 1.3 0.7, and
0.70 0.33 1015 m2/Pa s, respectively). The gel diffusion
rates at 10, 20, and 30% compression were 0.0083
0.0030, 0.0055 0.0012, and 0.0045 0.0017 s1 for hu-
man cartilage and signiﬁcantly greater at 0.0147 0.0048,
0.0122 0.0046, and 0.0089 0.0027 s1 for bovine carti-
lage, respectively. Young’s modulus of elderly human fem-
oral cartilage [Fig. 4(a)] under 10 and 20% compression
(1.64 0.34 and 1.57 0.23 MPa, respectively) was over
592 O. De´marteau et al.: Human and bovine head cartilages: a comparison5 greater than that of adult bovine humeral cartilage
(0.28 0.14 and 0.27 0.15 MPa, respectively) whereas
Poisson’s ratio [Fig. 4(b)] was similar for the two species un-
der 10% (human: 0.14 0.09, bovine: 0.13 0.07) and
20% compression (human: 0.14 0.08, bovine: 0.14
0.04).
For explant disks from both tissue sources, radial strain in
unconﬁned compression varied around the disk circumfer-
ence. Strain ratios did not change signiﬁcantly with com-
pression but were consistently greater than 1 indicating
that all explant disks tested exhibited direction-dependent
Poisson’s ratio (Fig. 5). Strain ratios were signiﬁcantly
greater for elderly human femoral cartilage (20%:
3.1 1.4; 40%: 3.0 1.0) than for adult bovine humeral
cartilage (20%: 2.2 0.6; 40%: 1.7 0.5). Both human
and bovine cartilage disks tended to exhibit radial strains
which were greatest perpendicular to the split-line pattern
(Fig. 6), consistent with previous reports29. In elderly human
femoral cartilage, minimum Poisson’s ratios (nmin) at 20 and
40% compression were, respectively, 0.059 0.037 and
0.077 0.034 while maximum Poisson’s ratios (nmax) were
0.17 0.05 and 0.19 0.06. In adult bovine humeral carti-
lage, nmin at 20 and 40% compression were, respectively,
0.075 0.051 and 0.10 0.06 while nmax were
0.17 0.05 and 0.17 0.06. Neither nmin nor nmax varied
signiﬁcantly with compression or species.
BIOCHEMICAL CHARACTERIZATION
Water content of elderly human femoral cartilage was
73 6% [Fig. 7(a)]. GAG and non-GAG solid matrix constit-
uents accounted for 4.6 0.8 and 22 7% of wet weight
[Fig. 7(b)]. Biochemical content of adult bovine humeral car-
tilage was signiﬁcantly different (Fig. 7), with greater water
content (78 5%) and correspondingly less GAG
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Fig. 3. Mechanical properties of articular cartilage disks from elderly
human femoral head (black bars) and adult bovine humeral head
(white bars) under conﬁned compression. (a) Conﬁned compres-
sion modulus (human: n¼ 24; bovine: n¼ 32). (b) Hydraulic perme-
ability (human: n¼ 24; bovine: n¼ 25, 29, and 31 for 10, 20 and
30%, respectively). *: Statistically signiﬁcant difference between
human and bovine with P< 0.01.(3.9 1.4%) and non-GAG (18 5%). Normalized to dry
weight, the distribution of solid matrix constituents was
similar in human (GAG: 19 8%; non-GAG: 81 8%) and
bovine cartilages (GAG: 19 7%; non-GAG: 81 7%).
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Fig. 4. Mechanical properties of articular cartilage disks from elderly
human femoral head (black bars) and adult bovine humeral head
(white bars) under unconﬁned compression. (a) Young’s modulus
(human: n ¼ 25; bovine: n ¼ 29). (b) Poisson’s ratio (human:
n¼ 23; bovine: n¼ 27). *: Statistically signiﬁcant difference be-
tween human and bovine with P< 0.01.
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Fig. 5. Ratio between maximal and minimal radial strains measured
at the surface of cartilage disks from elderly human femoral head
(black bars: n¼ 11, 12) and adult bovine humeral head (white
bars: n¼ 14, 21) at equilibrium after 20 and 40% axial compression.
*: Statistically signiﬁcant difference between human and bovine
with P< 0.05 at 20% and P< 0.01 at 40% compression.
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Elderly human femoral cartilage was signiﬁcantly thicker
(1.6 0.4 mm) than adult bovine humeral cartilage
(1.1 0.1 mm); P< 0.01 under T-test. Uncompressed con-
trol explants never exhibited surface cracks. After injurious
loading, the proportion of explants exhibiting surface cracks
was signiﬁcantly elevated for 14 vs 3 MPa peak stress, but
without signiﬁcant differences between 7 and 70%/s strain
rate (Table I). This behavior was similar for both human
and bovine cartilages. Peak strains attained at 14 MPa for
strain rates of 7 and 70%/s were, respectively, 59 9 and
61 24% for human cartilage vs 71 15 and 70 21%
for bovine cartilage. For 3 MPa peak stress, maximum
strains at 7 and 70%/s strain rates were, respectively,
24 8 and 37 13% for human cartilage vs 38 12 and
44 12% for bovine cartilage. Cell death appeared negligi-
ble in uncompressed control explants of elderly human fem-
oral cartilage, supporting the integrity of tissue sources and
dissection methods. In mechanically loaded explants, cell
death was evident close to sites of surface cracks
(Fig. 8). However, cell viability did not appear to be affected
where loading did not induce surface cracks. Similar trends
were also found with adult bovine humeral cartilage. In gen-
eral, a greater number of dead cells appeared near cracks
in bovine vs human cartilage.
Discussion
Elderly human femoral cartilage obtained from patients
undergoing hip replacement after femoral neck fracture rep-
resents a possible tissue source for in vitro studies of carti-
lage mechanical injuries. Biomechanical and biochemical
properties of this tissue, and cellular and matrix responses
to injury were compared to those of adult bovine humeral
cartilage previously used for in vitro injury models15. Me-
chanical properties of elderly human femoral cartilage
were signiﬁcantly different from those of bovine cartilage
(Figs. 3 and 4). Although the overall Poisson’s ratio was
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Fig. 6. Examples of radial strain measurements for three explant
disks at 40% compression from (a) elderly human femoral head
and (b) adult bovine humeral head. Zero and 180( correspond to
the split-line direction. Maximum radial strains were typically ob-
tained for orientations near 90(.similar between the two tissue sources [Fig. 4(b)], radial de-
formations of axially compressed explant disks were more
anisotropic for human cartilage as assessed by radial strain
ratio (Fig. 5). Direction-dependent radial deformations were
linked to the split-line pattern of collagen orientation in the
superﬁcial zone30, suggesting differences in matrix struc-
ture between the two tissue sources. Matrix biochemical
composition was also signiﬁcantly different between human
and bovine cartilages (Fig. 7). However, despite these dif-
ferences in composition, structure, and function between
the two tissue sources, elderly human femoral cartilage
and adult bovine humeral cartilage exhibited similar re-
sponses to injurious loading, as evidenced by superﬁcial
cracking and associated cell death.
Previous studies have shown that attachment to sub-
chondral bone reduces the severity of cartilage mechanical
injuries29. However, due to the softness of subchondral
bone in elderly human femoral head, we chose to remove
cartilage from the bone to speciﬁcally address the cartilage
response to injury. Of course, this approach neglects the
mechanical importance of the cartilageebone complex. Me-
chanical interactions between cartilage and bone play a cen-
tral role in determining the mechanical environment of
cartilage in vivo.
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Fig. 7. Biochemical composition of cartilage from elderly human
femoral head (black bars: n¼ 24) and adult bovine humeral head
(white bars: n¼ 32). (a) Water content expressed as a fraction of
wet weight. (b) Contents of GAG and non-GAG solid matrix constit-
uents, expressed as a fraction of wet weight. *: Statistically signiﬁ-
cant difference between human and bovine with P< 0.01.
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Proportion of cartilage disks with surface cracks after injurious loading. By two-way ANOVA within each species, peak stress had a significant
effect on the appearance of cartilage surface cracks. Within the range tested, strain rate did not have a significant effect
Peak stress
3 MPa 14 MPa
Human Bovine Human Bovine
Strain rate 7%/s 0% (n¼ 12) 0% (n¼ 20) 73.3% (n¼ 15) 80% (n¼ 25)
70%/s 0% (n¼ 13) 5% (n¼ 20) 85.7% (n¼ 14) 94.7% (n¼ 19)Conﬁned compression moduli (HA) and Young’s moduli
(E ) of human cartilage were comparable to previous mea-
surements30, supporting the validity of our methods. The
greater stiffness and decreased hydraulic permeability (k)
of elderly human femoral cartilage vs adult bovine humeral
cartilage (Figs. 3 and 4) appear to be related to differences
in tissue water content [Fig. 7(a)]. Previous studies have
shown that cartilage is softer and more permeable with in-
creasing water content31. Differences in E, HA, and k be-
tween human and bovine cartilages did not appear to be
associated with obvious differences in solid matrix composi-
tion since the proportions of dry weight attributed to GAG
and non-GAG were identical between the two species.
Among species and joints on the lower limb, human hip car-
tilage is one of the stiffest21,32. Concerning age-relatedeffects, the compressive stiffness of bovine cartilage in-
crease with maturation to be maximum at adult age33
whereas the stiffness of human cartilage tends to decrease
after approximately 50 years19,34. Thus, although cartilage
mechanical properties can be affected by age, this factor
does not explain the observed differences between elderly
human femoral cartilage vs adult bovine humeral cartilage.
Despite important differences in mechanical properties,
elderly human femoral cartilage and adult bovine humeral
cartilage exhibited similar cell and matrix responses to inju-
rious compression (Fig. 8). For both tissues, thresholds for
injury appeared within identical ‘‘windows’’ of strain rate and
peak stress (Table I). Differences in stiffness and perme-
ability were offsetting, such that the gel diffusion rate of de-
formation was less dramatically different between the tissueFig. 8. Typical confocal microscopy images of cell viability in uncompressed cartilage explants (A, B) and explants compressed to 14 MPa
peak stress at 7%/s strain rate (C, D). Elderly human femoral head cartilage (A, C) exhibited similar responses to injury as adult bovine hu-
meral head cartilage (B, D). Bar: 500 mm.
595Osteoarthritis and Cartilage Vol. 14, No. 6sources than were HA or k individually. The gel diffusion
rate has been proposed as a mechanical reference to
help identify loading conditions that can damage cartilage18.
Similarities in the gel diffusion rate between human and bo-
vine cartilages may therefore partially explain their similar
responses to mechanical injury.
Cell death around cracks induced by injurious loading
was visibly lower for elderly human femoral cartilage than
for adult bovine humeral cartilage (Fig. 8). This difference
was likely related to the lower apparent cell density in hu-
man vs bovine explants. Cell density and DNA content of
articular cartilage are known to vary with age, species,
and location within joints35,36. Longer-term responses to
injury have been shown to include the propagation of cell
death around lesions associated with superﬁcial cracks,
over the days following mechanical insult15,24. This phenom-
enon may involve communication between cells mediated
by transport of solutes through the extracellular matrix13.
Therefore, although the acute mechanical responses of
elderly human femoral cartilage and adult bovine humeral
cartilage were similar, longer-term degradation initiated by
injury may proceed with different kinetics due to different
cell densities and distances between cells.
Differences in cell metabolic activities between different
cartilage sources may also affect the progression of acute
mechanical lesions toward degradative joint disease. Chon-
drocyte-mediated matrix turnover changes with increasing
age37,38, and may contribute to a decreasing ability to
cope with tissue mechanical injuries4. Articular traumas
can affect young adults (sports injuries) and also older
adults. Therefore, studies of cell and matrix responses to
mechanical injury using in vitro models based on cartilage
harvested from elderly human patients and also younger
adults24, may help identify differences in post-traumatic tis-
sue responses for development of appropriate clinical strat-
egies depending on patient age.
Injury of cartilage under loading also depends on me-
chanical properties of the collagen ﬁbrillar network39,40.
Measurements of direction-dependent radial strains of axi-
ally compressed explant disks highlighted the link between
cartilage deformations and the split-line pattern of collagen
orientation in the superﬁcial zone, for both elderly human
femoral cartilage and adult bovine humeral cartilage
(Fig. 6). Calculation of strain ratios demonstrated that these
deformations were more anisotropic in human cartilage
than in bovine cartilage, suggesting structural differences
between these tissues which may be important to injurious
processes. Cartilage tensile properties change during de-
velopment of OA41, such that the role of collagen matrix me-
chanics in mediating disease progression may change in
time. Therefore, in situ monitoring of mechanical anisotropy
of the superﬁcial zone, perhaps by an adaptation of current
techniques, may provide insight into the role of collagen net-
work mechanical properties and tissue injuries in mediating
the progression of arthritis.
Similar injurious loading protocols applied to elderly
human femoral cartilage and adult bovine humeral cartilage
induced similar tissue responses as determined by the
appearance of superﬁcial cracks and associated cell death.
Despite signiﬁcantly different mechanical properties, carti-
lage from these different sources responded to mechanical
injuries by similar mechanisms. These ﬁndings indicate im-
portant similarities between cartilage tissue sources, and
suggest that inferences for the behavior of human cartilage
may be drawn from studies involving bovine (and other spe-
cies) cartilage. While the gross features of cartilage injuries,
including mechanical conditions for injury, formation ofcracks, and cell death may be common among cartilage
sources, ﬁnding also suggests that longer-term sequelae
of injury may differ more strongly. In particular, cell meta-
bolic activities likely contribute differently to the progression
toward OA in different tissues. Therefore, a thorough under-
standing of links between mechanical injury and post-
traumatic OA may require studies involving cartilage from
a wide range of sources.
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